telomeric C strand, resulting in a RAD9-dependent cell cation by recruiting telomerase to the ends of chromosomes. By analogy, Cdc13 might similarly mediate its cycle arrest (Weinert and Hartwell, 1993; Garvik et al., 1995; Diede and Gottschling, 1999) . Similarly, alterations essential function by recruiting an end protection complex to telomeres. Since loss of STN1 function has the in STN1 function also result in a RAD9-dependent arrest and alterations in telomeric end structure (Grandin et same detrimental consequence for telomere metabolism as loss of CDC13 function, the role of Cdc13 in end al., 1997). These phenotypes suggest that the essential function of both of these proteins is to help prevent protection may be solely to mediate access of Stn1 (and possibly other Stn1-associated proteins) to the telounregulated degradation of chromosome ends. Binding of Cdc13 to telomeric DNA is presumably required for mere. To test this hypothesis, we made a construct designed to deliver Stn1 to the telomere in the absence this process (Hughes et al., 2000b), but whether Cdc13 makes additional biochemical contributions to chromoof CDC13 function, by fusing the DNA binding domain of Cdc13 (DBD CDC13 ) to the N terminus of Stn1. This fusion some end protection has not been determined, and the role of Stn1 in preventing degradation has not been protein, expressed by the CDC13 promoter on a low copy plasmid, complemented an stn1-⌬ strain (data not elucidated at all. Thus, the basic mechanism of chromosome end protection in yeast remains unknown.
shown), indicating that the presence of the DBD CDC13 had not altered STN1 activity. Since the Cdc13 protein promotes telomere replication by recruiting a complex-the telomerase enzyme-to the Remarkably, the DBD CDC13 -STN1 fusion was able to efficiently rescue the lethality of a cdc13-⌬ strain (Figure telomere, we asked whether Cdc13 might similarly perform its essential function by delivering an end protec-1A). The ability to alleviate the requirement for CDC13 function was a property specific to the Stn1 protein, tion complex to the telomere. We demonstrate that the lethality of a cdc13-⌬ null strain can be rescued by since cdc13-⌬ lethality was not rescued by either the DBD CDC13 alone or by fusions of the DBD CDC13 to four other delivering Stn1 to the telomere, as a fusion of the Stn1 protein to the minimal DNA binding domain of Cdc13
proteins that also function in telomere metabolism (Est1-DBD CDC13 , Est3-DBD CDC13 , DBD CDC13 -Pol ␣, and DBD CDC13 -(DBD CDC13 -Stn1). Since the DBD CDC13 alone is incapable of providing end protection, this shows that an Stn1-Ku) ( Figure 1A and data not shown); each of these four fusions was able to complement the respective est1-⌬, containing complex is responsible for a critical process in yeast telomere biology-that of protection of the ends est3-⌬, pol1-12 ts or yku80-⌬ mutation (Evans and Lundblad, 1999; Hughes et al., 2000a; and data not shown). of chromosomes. However, the cdc13-⌬/DBD CDC13 -STN1 strain still exhibits the diagnostic features (progressively Therefore, the ability of the DBD CDC13 -Stn1 protein fusion to alleviate the requirement for CDC13 function was not shortened telomeres and eventual senescence) of a telomerase-defective strain, indicating that the DBD CDC13 -simply the consequence of delivery of any large protein to the chromosome terminus. Rescue of cdc13-⌬ lethalStn1 fusion protein has restored end protection but not telomere replication. Telomere replication can be reesity was also not due to an increase in the steady-state levels of Stn1 protein, since high-level expression of tablished by delivery of telomerase to the telomere as a DBD CDC13 -telomerase fusion; however, because this the wild-type Stn1 protein by the constitutive high-level mode of telomerase access is greatly enhanced (Evans ADH1 promoter was not sufficient to confer the growth and Lundblad, 1999), a cdc13-⌬ strain bearing both the conferred by even the low copy DBD CDC13 -STN1 fusion DBD CDC13 -Stn1 and DBD CDC13 -telomerase fusions exhibits construct ( Figure 1A and data not shown). Furthermore, overelongated telomeres. We addressed this by using a mutant DBD CDC13-6 -Stn1 fusion protein, carrying the an additional means of restoring telomere replication thermolabile DNA binding defective mutation cdc13-6 that instead utilized the normal route for telomerase (Hughes et al., 2000b), conferred viability to the cdc13-⌬ recruitment. This final experiment relied on the identifistrain at 23ЊC but not 36ЊC, indicating that the DNA cation of an ‫51ف‬ kDa telomerase recruitment domain binding property of the DBD CDC13 was required (data not of Cdc13: placement of this minimal recruitment doshown). These results indicate that the essential funcmain at chromosome termini, in combination with the tion of CDC13, and hence cell viability, can be main-DBD CDC13 -Stn1 fusion, is sufficient to reconstitute telotained if the Stn1 protein is delivered to the telomere by meres in a cdc13-⌬ strain. the high affinity DBD CDC13 . This suggests that the primary Therefore, telomere replication and protection of effector of chromosome end protection is Stn1, and that chromosome termini can be achieved via the delivery the role of Cdc13 in this process is to deliver Stn1 to of separate complexes to the telomere. This work also the telomere. identifies Stn1, rather than Cdc13, as the primary mediator of telomeric end protection, and demonstrates that
The cdc13-⌬/DBD CDC13 -STN1 Strain Has the principal role for Cdc13 at the telomere is to bind a Telomere Replication Defect telomeric DNA and recruit a succession of complexes.
The viability of the cdc13-⌬/DBD CDC13 -STN1 strain could Since mammalian telomeres are also dependent on both be due to restoration of normal telomere function; alterreplication and end protection processes, similar renatively, this genetic situation could create a novel solucruitment mechanisms may be required in human cells tion to telomere maintenance. However, examination of as well.
telomere structure in the cdc13-⌬/DBD CDC13 -STN1 strain revealed that telomeres looked relatively normal: there Results were no notable differences in the overall pattern of telomeric restriction fragments, relative to a wild-type strain ( Figure 1B Although overall telomere structure in the cdc13-⌬/ strain was further exaggerated by the introduction of a rad52 Ϫ mutation (data not shown), consistent with previ-DBD CDC13 -STN1 strain looked normal, telomere length was reduced ( Figure 1B 
Reconstituting a Wild-type Telomere
The experiment depicted in Figure 2 demonstrates that telomere function and long-term viability can be restored even in the absence of the intact Cdc13 protein. However, this experiment relied on a DBD CDC13 -telomerase fusion as a means of restoring telomere replication, which resulted in overreplicated telomeres rather than wild-type telomere length, presumably due to greatly increased levels of telomerase recruitment. As an alternative approach, we asked whether we could restore normal levels of telomerase recruitment, and hence wild-type telomere length, using the cdc13-⌬/ DBD CDC13 -STN1 strain as a starting point. A schematic representation of our experimental plan is shown in Fig cence and telomere length defect of the cdc13-2 strain, whereas the comparable mutant fusions, containing the cdc13-2 missense mutation at amino acid 252 (denoted in substantial telomere elongation, indicating that the as DBD CDC13 -RD est ) were unable to complement cdc13-2 affinity of the enzyme for chromosome termini has been ( Figure 3B and data not shown). greatly increased (Evans and Lundblad, 1999; Hughes If this 120 amino acid region is sufficient to recruit et al., 2000a). Furthermore, these DBD CDC13 -telomerase telomerase, then the DBD CDC13 -RD fusion should also fusions are capable of bypassing the recruitment-defecrescue the telomere replication defect of the cdc13-⌬ tive cdc13-2 mutation. If the est Ϫ phenotype of the null mutant kept alive with the DBD CDC13 -Stn1 fusion procdc13-⌬/DBD CDC13 -STN1 strain is due to an inability of tein. Figures 3C and 3D show that the DBD CDC13 -RD futelomerase to access the telomere, then this predicts sion was capable of rescuing the est Ϫ phenotype of the that the telomere replication defect of the cdc13-⌬/ cdc13-⌬/DBD CDC13 -STN1 strain. In a cdc13-⌬ strain car-DBD CDC13 -STN1 strain should similarly be alleviated by rying both the DBD CDC13 -Stn1 and the DBD CDC13 -RD prothe introduction of a DBD CDC13 -telomerase fusion protein.
tein fusions, telomeres were stably maintained at a As predicted, the introduction of the Est1-DBD CDC13 length close to that of wild type ( Figure 3C ), and as fusion protein reversed the telomere shortening of expected, the strain no longer displayed a senescence the cdc13-⌬/DBD CDC13 -STN1 strain; instead, a cdc13-⌬ phenotype ( Figure 3D ). In contrast, a mutant DBD CDC13 -strain carrying both fusions exhibited substantial telo-RD est fusion protein, even in high copy, failed to rescue mere elongation (Figure 2 ), comparable to that prethe telomere replication defect of the cdc13-⌬/DBD CDC13 -viously observed when an Est1-DBD CDC13 fusion protein STN1 strain (see Figure 4D and data not shown). These was present in a wild-type strain (Evans and Lundblad, experiments indicate that a 120 amino acid domain is 1999). In addition, this strain now exhibited normal growth, necessary and sufficient to provide the Cdc13 telowith no evidence of senescence (data not shown). These merase recruitment activity. Furthermore, this work results show that the two functions of Cdc13 can be physishows that a wild-type telomere can be fully reconstically separated, by using the DBD CDC13 to deliver two tuted in a strain that lacks the intact Cdc13 protein, when different complexes to the telomere (as presented schealternative means are used to deliver end protection and telomerase recruitment activities to the telomere. matically in Figure 2) . Thus, in the absence of intact To provide evidence for a direct interaction between of Cdc13 interacts with the enzyme directly, it is not a tight and/or stable association. However, increasing the these two proteins, we screened for mutation(s) in EST1 that could specifically suppress the cdc13-2 defect. A levels of the wild-type Est1 protein partially suppresses the telomere replication defect of the cdc13-2 mutant mutagenized library of an EST1 CEN plasmid was introduced into a cdc13-2 rad52 Ϫ strain (see Experimental (Nugent et al., 1996) , and recombinant versions of the Procedures for details). Two alleles, est1-60 and est1-61, fulfilling genetic criteria expected for mutations that restore protein-protein interaction (i.e., see Sandrock et were recovered that suppressed the replication defect of the cdc13-2 mutation. The est1-61 allele displayed no al., 1997). Therefore, we propose that the est1-60 defect is due to a mutation in a subunit of telomerase that impairment of EST1 function when transformed into an est1-⌬ null mutant strain (data not shown). We presume decreases the ability of the enzyme to be recruited to the telomere, in parallel with our proposal that the cdc13-2 that the ability of this allele to suppress cdc13-2 was the consequence of an increase in either the level or mutation alters the ability of CDC13 to recruit telomerase. This predicts that the Est1-60 mutant protein activity of the Est1-61 protein, and this mutant allele is not considered further in this report.
should still retain association with the telomerase holoenzyme complex, which was confirmed by the demonIn contrast, the est1-60 allele exhibited a severe telomere replication defect that resulted in critically short stration that the Est1-60 mutant protein immunoprecipitated the TLC1 RNA subunit at a level comparable to telomeres and a senescence phenotype, comparable to that of an est1 null strain (Figures 4A and 4B) . However, a that of the wild-type Est1 protein ( Figure 4C) . Sequencing of the est1-60 mutation identified a single cdc13-2 est1-60 double mutant strain displayed healthy growth ( Figure 4A) , with telomere length restored to mutational change at residue 444, resulting in a Lys → Glu change. Intriguingly, the cdc13-2 allele had prenearly wild type ( Figure 4B) . Therefore, these two mutations reciprocally suppress each other, consistent with viously been shown to be the consequence of a Glu → Lys missense mutation (Nugent et al., 1996) . Thus, the the idea that physical contact between these two proteins has been restored. These two mutations are both reciprocal suppression between these two recessive mutations is due to a charge swap, which further suprecessive (Lendvay et al. 1996, and data not shown), and suppression is allele-specific (data not shown), thereby ports the premise that the original contact site between two interacting proteins has been restored. This result hibits the classic phenotypes of a telomerase-deficient strain. Restoration of telomere replication requires either also suggests that Est1 and Cdc13 may interact via electrostatic forces between two charged protein surof two additional fusions that reestablish telomerase access even in the absence of the intact Cdc13 protein. faces. This is supported by additional mutational analysis that introduced an Arg-Asp pair of mutations at these Collectively, these experiments show that the telomere replication and essential functions of Cdc13, previously same two residues. Either of two single mutant strains, bearing either a cdc13-9 (Glu → Arg at residue 252)
proposed to be functionally distinct activities based on genetic analysis (Nugent et al., 1996) , can be physically mutation or an est1-62 (Lys → Asp at reside 444) mutation, have a telomere replication defect (Figures 4A and  separated.  4B) . Telomere replication is restored in the double mutant strain, cdc13-9 est1-62 ( Figure 4A and data not A Model for Cdc13 Function at the Telomere shown), once again demonstrating reciprocal suppresLoss of CDC13 function is accompanied by immediate sion between a mutation in CDC13 and a mutation in and extensive strand-specific degradation of the telo-EST1. In contrast, strains that pair either two basic resimeric C strand (Garvik et al., 1995; Diede and Gottschling, dues, or two acidic residues, at amino acid 444 of Est1 1999), suggesting that Cdc13, while bound to the end and amino acid 252 of Cdc13 (such as Glu/Glu, Lys/ of the chromosome, protects chromosome termini from Lys, Lys/Arg, or Asp/Glu) exhibited defective telomere unregulated degradation. This degradative activity is replication ( Figures 4A and 4B and data not shown) . also proposed to play a role during normal telomere Thus, when a pair of oppositely charged amino acids is replication (Wellinger et al., 1996), by exposing a single present at these two positions, the interaction between strand region and thereby providing a substrate for bindEst1 and Cdc13 is retained, but a pair of residues with ing by Cdc13. We therefore propose that the primary the same charge destroys the interaction.
role of Cdc13 in telomere function is to bind the singleThis set of experiments also provided us with an addistrand extensions present at chromosome termini, tional set of reagents to probe the function of the minimal through its high-affinity single-strand telomere DNA bindCdc13 telomerase recruitment domain. If this 120 amino ing domain, and to provide a protein platform for recruitacid domain is restoring telomere replication through ment of other protein complexes (see Figure 5 ). These the same process as that employed by the intact Cdc13 complexes-an Stn1-containing end protection comprotein, then the DBD CDC13 -RD fusion protein should displex and the telomerase holoenzyme-then provide the play the same genetic interaction with mutant and wildenzymatic and/or other functions that are necessary in type alleles of EST1. Introducing the cdc13-2 mutation order to both protect and replicate telomeres. Whether into the DBD CDC13 -RD fusion protein, to generate the these complexes bind simultaneously to the same chro-DBD CDC13 -RD est fusion, abolished the ability to rescue mosome terminus (possibly delivered by the same the telomere replication defect of the cdc13-⌬/DBD CDC13 -Cdc13 molecule, as implied in Figure 5 ), or at temporally STN1 strain ( Figure 4D and data not shown) . Strikingly, distinct times during the cell cycle, is not addressed by this recruitment-defective DBD CDC13 -RD est fusion could these studies. However, we have previously reported be completely suppressed by the est1-60 mutation: telothat the minimum binding site for Cdc13 is 11 nucleomeres were maintained at wild-type length in a cdc13-tides, and that successive Cdc13 proteins could bind ⌬/DBD CDC13 -STN1 ϩ DBD CDC13 -RD est strain that also conto oligonucleotides of sufficient length (Hughes et al., tained the est1-60 mutation ( Figure 4D; However, although the Stn1-DBD CDC13 protein confers and Lundblad, 1999). Furthermore, increasing the levels of wild-type Est1 protein partially suppresses the teloend protection, the cdc13-⌬/STN1-DBD CDC13 strain ex-tivity of this domain is abolished by mutating residue 252 (corresponding to the cdc13-mutation in the intact protein), but restored by the presence of the suppressing est1-60 mutation, indicating that all of the information needed by Cdc13 to respond to Est1 and mediate recruitment of the telomerase complex resides within this 120 amino acid region. By analogy, our model proposes that an additional region of Cdc13 is responsible for recruiting the proposed end protection complex; experiments are in progress to attempt to identify this second hypothesized recruitment domain. , 2000) . However, of TRF2 from telomeres leads to unprotected termini and consequent end-to-end chromosome fusions, indithese experiments did not establish whether the telomere-bound Cdc13 protein and the telomerase-associcating that TRF2 is an essential component of mammalian end protection (van Steensel et al., 1998). However, ated Est1 protein bind each other directly to mediate telomerase recruitment, or whether another protein is unlike Cdc13, TRF2 is bound to the duplex region of the telomere, rather than to the single-strand terminus. required to bridge the proposed association. This issue is addressed in this work with the demonstration that a Furthermore, not only do Cdc13 and TRF2 differ in their substrate specificity, but loss of either protein leads pair of oppositely charged residues at amino acid 252 of Cdc13 and amino acid 444 of Est1 dictates whether to different molecular consequences for chromosome termini. Whereas a CDC13 defect results in resection of a cell is competent for telomere replication. These data argue that Est1 and Cdc13 interact directly via electrothe C strand of the telomere, loss of TRF2 from telomeres leads to loss of the 3Ј G-rich single-strand overhang static forces between two charged protein surfaces in order to promote telomerase recruitment. It will be of (van Steensel et al., 1998). This could suggest that yeast and human telomeres, when left exposed, are subject interest to determine whether a similar interaction is required for mammalian telomerase recruitment.
Cdc13 and
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